The cluster 1RXS J0603.3+4214 is a merging galaxy cluster that hosts three radio relics and a giant radio halo. The northern relic, the Toothbrush, is 1.9-Mpc long and has an unusual linear morphology. According to simple diffusive shock acceleration theory, its radio spectral index indicates a Mach number of 3.3 − 4.6. Here, we present results from a deep XMM-Newton observation of the cluster. We observe two distinct cluster cores that have survived the merger. The presence of three shocks at or near the locations of the radio relics is confirmed by density and temperature discontinuities. However, the observation poses several puzzles that challenge our understanding of radio relics: (i) at the Toothbrush, the shock Mach number is not larger than 2, in apparent conflict with the shock strength predicted from the radio spectrum; (ii) at the Toothbrush, the shock front is, in part, spatially offset from the radio emission; (iii) at the eastern relic, we detect a temperature jump corresponding to a Mach number of approximately 2.5, but there is no associated surface brightness discontinuity. We discuss possible explanations for these findings.
INTRODUCTION
In recent years, combined radio, X-ray, and optical observations have conclusively shown that giant radio relics -diffuse, steep-spectrum radio objects observed in the peripheries of some clusters -are associated with cluster mergers (e.g. Giacintucci et al. 2008; Finoguenov et al. 2010; Markevitch 2010; van Weeren et al. 2011) . Observations, as well as cosmological simulations, suggest that relics trace shock waves triggered into the intracluster medium (ICM) during major merger events. The basic physical picture is that as shock fronts propagate through the ICM, they accelerate particles to relativistic energies and compress magnetic fields. The accelerated particles gyrate around the magnetic fields lines, consequently emitting synchrotron radiation observable at radio frequencies (e.g., Feretti et al. 2012) .
The details of acceleration at merger shocks are, however, more complex and less well understood. An impor-⋆ E-mail: gogrean@hs.uni-hamburg.de tant question that still awaits answering is whether shocks inject thermal electrons into the cosmic-ray (CR) electron population believed to be responsible for the observed synchrotron emission, or instead they re-accelerate pre-existing CR electrons trapped in the ICM magnetic field, which itself is frozen-in to the thermal plasma. For strong shocks with Mach numbers larger than a few, as found in supernova remnants, the acceleration process, believed to be diffusive shock acceleration (DSA), is very efficient and injection dominates. But in the low Mach-number regime (M 5 for merger shocks), the particle acceleration efficiency is too low for simple injection to explain the observed radio brightness. At such shocks, it appears essential to consider re-acceleration of pre-existing CR electrons, as theoretical considerations and numerical simulations indicate (e.g. Kang et al. 2012; Pinzke et al. 2013 ). Yet, observational evidence supporting this hypothesis is scarce at best. Kang et al. (2012) simulated the particle acceleration at the relic in the galaxy cluster CIZA J2242.8+5301. They showed that models with pre-existing CRs can ex-plain the relic by a relatively weak shock of Mach number 2. However, the injection spectral index 1 at the relic is −0.6 ± 0.05 (van Weeren et al. 2010) . In the DSA test particle regime, the injection spectral index relates to the shock Mach number via M 2 = (2α − 3)/(2α + 1) (Blandford & Eichler 1987) . Therefore, a Mach number of 2 would be much lower than the M ≈ 4.5 predicted by the radio injection spectral index. From the observational side, one way to help elucidate the nature of the accelerating particles is by comparing the radio-predicted Mach numbers of putative shocks at radio relics with the actual Mach numbers determined from X-ray observations. A current observational challenge is posed by the peripheral location of most relics, which makes the shocks difficult to detect in X-ray. Consequently, very few shocks have been detected so far at radio relics (Finoguenov et al. 2010; Macario et al. 2011; Akamatsu & Kawahara 2011; Ogrean & Brüggen 2012; Bourdin et al. 2013) . For the few shocks discovered, the X-ray-derived Mach numbers are consistent with the radio predictions. However, the small sample and the large measurement uncertainties make it impossible to draw definite conclusions about particle acceleration at merger shocks.
Here, we present results from a deep XMM-Newton observation of 1RXS J0603.3+4214, a merging cluster at z = 0.225 that hosts three radio relics and a giant radio halo . The northern relic, the largest of the three at a length of 1.9 Mpc, has an unusually linear morphology, with a broader part to the west; hence its nickname, the Toothbrush. The other two relics have lengths of approximately 900 and 200 kpc, and are located east and southeast of the merger (see, e.g., fig. 3 of van Weeren et al. 2012) . Numerical simulations by Brüggen et al. (2012) have shown that the linear morphology of the northern relic can be reproduced by a triple merger with mass ratios 1:1:0.07, although the simulated system failed to explain the eastern and southeastern relics. Radio observations indicate an injection spectral index at the northern relic of −0.6 to −0.7 . Therefore, in the DSA test particle regime, the Mach number at the Toothbrush is predicted to be M = 3.3 − 4.6. Here, we test this prediction by locating and characterizing the shocks in the ICM of 1RXS J0603.3+4214.
The paper is organized as follows: Section 2 presents the observations and the data reduction. Section 3 details our analysis, while in Section 4 we analyse the effect of systematic uncertainties on the spectral measurements. Sections 5 and 6 discuss the results. A summary of our findings is given in Section 7.
We assume a flat ΛCDM universe with H0 = 70 km s −1 Mpc −1 , ΩM = 0.3, and ΩΛ = 0.7. At the redshift of the cluster, 1 arcmin corresponds to 217 kpc. Throughout the paper, quoted errors are 1σ statistical errors, unless stated otherwise. The normalizations of all the spectral components are given in default Xspec units (i.e., cm −5 for APEC components, and photons keV −1 cm −2 s −1 , measured at 1 keV, for power-law components) per square arcmin. All temperatures are in units of keV. Metallicities are expressed using the abundance table of Anders & Grevesse (1989) .
1 F ∝ ν α Table 1 . Residual soft proton (ReSP) level for the MOS and pn event files, and clean exposure times. We list the ReSP calculated in the hard band, i.e. 8 − 12 keV for MOS, and 10 − 14 keV for pn. R SP < 1.2 indicates an event file with a ReSP level that is likely negligible (Kuntz & Snowden 2008 2 OBSERVATIONS AND DATA REDUCTION 1RXS J0603.3+4214 -hereafter, the Toothbrush clusterwas observed with the XMM-Newton EPIC cameras on October 3-4, 2011. The observation used the medium filter, and had a total exposure time of 82 ks. We analysed the data using the XMM-Newton Extended Source Analysis Software (esas) integrated in the Scientific Analysis System (sas) version 12.0.1, and the latest calibration files as of December 15, 2012. The data reduction steps are the same as those described in more detail in Ogrean et al. (2012) . In summary: Raw MOS and pn event files were first filtered of soft proton flares. The filtered event files had exposure times of 72 (MOS) and 62 ks (pn). We evaluated the level of residual soft proton (ReSP) in the flare-filtered event files using the esas-tailored approach (Kuntz & Snowden 2008) of the algorithm presented by De Luca & Molendi (2004) . The method is based on quantifying the level of ReSP as the ratio of the count rates inside (in-FOV) and outside (out-FOV) the field of view (FOV) in the hard energy band (8 − 12 keV for MOS, 10 − 14 keV for pn). The in-FOV region is chosen to be an annulus at the edge of the FOV, where there is typically little ICM emission for clusters at z 0.2. The region selection, along with the rapid drop in the detector effective area at high energies, means that the in-FOV count rate has essentially no contribution from X-ray photons. According to Kuntz & Snowden (2008) , in-FOV/out-FOV ratios below 1.2 correspond to event files in which the ReSP level is likely negligible. The in-FOV/out-FOV ratios (RSP) for each of the three flare-filtered EPIC event files are listed in Table 1 .
The instrumental background was modelled using data from the corners (unexposed pixels) of the detectors, and filter-wheel closed datasets with hardness ratios and count rates similar to those measured during the observation. Point sources were detected using esas-specific routines, and excluded from the analysis. Out-of-time (OoT) events were also subtracted from the pn images and spectra. CCD #6 of MOS1 became unoperational after a micrometeorite hit in 2005, and is automatically disregarded by esas. Figure 1 presents the EPIC 0.5 − 4 keV surface brightness map of the Toothbrush cluster. The map was instrumental background-subtracted, vignetting-corrected, and binned by 2. The sub-band 1.2 − 1.9 keV, which is dominated by fluorescent instrumental lines (Al Kα ∼ 1.49 keV, Si Kα ∼ 1.75 keV), was not included in the image. The null pixels passing in a straight vertical line through the centre of the image are caused by the superposition of CCD gaps in the three detectors. Figure 2 shows the EPIC adaptively smoothed surface brightness map in the same energy band. Two distinct cluster cores are evident in the maps. Both of them have been significantly disturbed by the merger. A bridge connects the northern, less massive core, to the northwestern part of the southern core. The bridge is brighter in the north, closer to the smaller core.
DATA ANALYSIS

Imaging analysis
Surface brightness discontinuities are present south of the more massive core, and NW of the subcore. They are more clearly seen in the unsharp-masked image in Figure 3 . The unsharp-masked images were created using two 0.5 − 4 keV surface brightness maps smoothed with Gaussians of widths 25 and 100 arcsec, by dividing their difference to their sum. The large smoothing scale of 100 arcsec removes substructure from the image, while preserving the global X-ray morphology. The smaller smoothing scale of 25 arcsec surpresses Poissonian noise, and reduces small-scale substructure and pixel-to-pixel variations (e.g., introduced by the OoT events correction, CCD gaps). We are searching for surface brightness edges on scales of 5 − 10 arcmin (the Toothbrush relic has a length of almost 9 arcmin), much larger than the smoothing scales used. We tested the robustness of our unsharp-masked images by experimenting with different smoothing scales and unsharp-masking procedures (e.g., Sanders & Fabian 2012) . The enhanced surface brightness edges are visible for various smoothing scales in the range of 10 − 200 arcsec, but our choices of 25 and 100 arcsec are the best compromise between making the edges clear and removing substructure. We point out that the same unsharpmasking technique has been used by Russell et al. (2010) to highlight substructure and surface brightness discontinuities in Abell 2146. The white regions in the map indicate shock features, except when they surround excluded point sources or zero-exposure pixels (shown in black). The fact that the shocks are asymmetric with respect to the merger axis (the imaginary line connecting the two cluster cores) indicates a merger with non-zero impact parameter. Interestingly, the NW shock, which was expected to trace the Toothbrush, is visible only along the broadest part of the relic, and extends about 700 kpc further to the SW, beyond the radio emission. In summary, the surface brightness map shows evidence of a merging galaxy cluster involving at least two clusters. Two cluster cores have survived the merger, and are connected by a dense plasma bridge. Shocks triggered during the merger are observed as surface brightness discontinuities N-NW and S-SE of the northern and southern cores, respectively. The orientation of the shocks with respect to the merger axis suggests a non-zero impact parameter. The N-NW shock is visible only near the broadest part of the Toothbrush, and extends more than 0.5 Mpc beyond it, towards the SW.
Temperature distribution
We used the weighted Voronoi tesselations (WVT) binning algorithm of Diehl & Statler (2006) to bin the cluster image in regions of 3600 counts from source plus sky background, starting from the centre of the FOV. We then extracted spectra and response files corresponding to each region, and binned the spectra to a minimum of 30 counts per bin. Simi- Table 3 . Best-fit ICM temperatures and normalizations for the binned regions in Figure 4 . We only list bins for which both the temperature and the normalization were constrained. The metallicity was frozen to 0.2 solar, using the abundances table of Anders & Grevesse (1989) and the photoelectric absorption crosssections of Verner et al. (1996) . Values are given in default Xspec units. Normalizations are scaled to an area of 1 sq arcmin. (1.9 ± 0.037) × 10 −4 17 9.6 ± 1.1 (4.6 ± 0.11) × 10 −5 18 8.1 larly, we also extracted global spectra from a circular region encompassing most of the cluster emission. Modelling the ICM spectra requires a knowledge of the sky background. Therefore, sky background spectra were extracted from a partial annulus at the edge of the FOV, where the surface brightness is the lowest; this region is least likely to contain ICM emission. Like the source spectra, the sky background spectra were also binned to a minimum of 30 counts per bin.
To contrain better the low-energy background components, we also used three ROSAT All-Sky Survey (RASS) spectra extracted from regions near the cluster. The sky background regions and the binned cluster map are shown in Figure 4 . We fitted all the spectra in parallel using XSpec v. 12.7.1. Before fitting, the corresponding instrumental background spectra were subtracted from the source and sky background spectra. The sky background was modelled as the sum of Local Hot Bubble (LHB), Galactic Halo (GH), Hot Foreground 2 (HF; e.g., Simionescu et al. 2011) , and Cosmic X-ray Background (CXB) emission. For the thermal components (LHB, GH, HF), the abundances were fixed to solar and the redshifts to zero, as customary. The LHB temperature was fixed to 0.08 keV (Sidher et al. 1996; Kuntz & Snowden 2000) . The CXB was modelled as a power-law component, with a frozen index of 1.41 (De Luca & Molendi 2004) . Because no point sources were subtracted from the RASS spectra, the RASS CXB normalization was fixed to 8.85 × 10 Moretti et al. 2003 ). For describing ICM emission, we added to the sky background model a single-temperature thermal component with a fixed redshift of 0.225 and a fixed metallicity of 0.2 solar (e.g., Leccardi & Molendi 2008) . The absorbed components, i.e. all except the LHB, were multiplied by a photoelectric absorption model with a free X-ray column density; an exception are the background spectra, for which the column density was fixed to 2.14 × 10 21 cm −2 -the Galactic Hi column density listed in the Leiden/Argentine/Bonn (LAB) Survey (Kalberla et al. 2005 ) in a 0.5-degree circle around the cluster -because of degeneracy between the background model normalizations and the absorption. The fluorescent instrumental lines of Al Kα (E ≈ 1.49 keV) and Si Kα (E ≈ 1.74 keV) vary in intensity with time and across each of the EPIC detectors, and therefore they are not included in the instrumental background model. We modelled them separately using two zero-width Gaussian components with free normalizations, but with central energies coupled between spectra.
The best-fit background model is summarized in Table 2. Table 3 shows the ICM temperatures and normalizations for all binned regions for which we were able to constrain the spectral parameters. The fit had a χ 2 /d.o.f. = 12380.43/12110. Figure 5 presents the resulting temperature map, with overlaid X-ray and radio contours.
The cluster has an average temperature of 7.8 ± 0.13 keV, and L X, 0.5−7 keV = 1.9 × 10 45 erg s −1 (L X, 0.1−2.4keV = 7.7 × 10 44 erg s −1 ). Along the Toothbrush, the temperature decreases from approximately 8 keV to the SW, to about 2 keV to the NE. E-SE of the merger, there is a region of hot plasma with temperatures of around 11 keV. For the bins shown in Figure 5 , the average temperature is 8.1 keV, with a standard deviation of 1.6 keV. Most temperatures are within 1σ of the average when statistical errors are considered.
SYSTEMATIC UNCERTAINTIES
There are three sources of systematic errors on the measured ICM parameters: the X-ray column density in the sky back- ground region, systematic uncertainties on the sky background parameters, and uncertainties on the instrumental background model.
In a circular region of radius 1-degree around the cluster, there are seven Galactic Hi measurements, with corresponding Galactic hydrogen column densities in the range (1.86 − 2.47) × 10 21 cm −2 . The weighted average column density is 2.15 × 10 21 cm −2 , essentially equal to the column density measurement at the position closest to the cluster. To analyze the effect of an uncertain X-ray column density in the sky background region, we refitted all the spectra, once with the sky background column density fixed to 1.86×10 21 cm −2 (the lowest NH in the region), and once with it fixed to 2.47 × 10 21 cm −2 (the highest NH value). Using each of the two new sets of best-fit background parameters and the corresponding statistical errors, we refitted the ICM spectra while varying (one by one) the sky background parameters by their 1σ statistical errors; the sky background model was fixed in these fits. The resulting minimum and maximum ICM parameters for each bin define the ranges for these parameters when systematic uncertainties on the sky background parameters and column density are taken into account. Figure 6 shows the best-fit temperatures listed in Table 3, with overlaid 1σ statistical error bars, and the ranges of systematic uncertainties. The statistical errors dominate, so NH uncertainties and 1σ variations on any of the background parameters have only a small effect on the best-fit ICM temperatures. The same is also true for normalizations (not shown in Figure 6 ), for which the effect is even stronger. Table 3 , while bisque bars show the minimum and maximum temperatures when systematic uncertainties on the sky background parameters are taken into account. Bottom: ICM temperature uncertainties introduced by a 5% variation in the normalization of the instrumental background. Charcoal bars show the best-temperatures listed in Table 3 , while bisque bars show the minimum and maximum temperatures obtained when the instrumental background level is varied by ±5%. In both plots, error bars are 1σ statistical errors.
We evaluated separately the effect of a possible 5% error on the normalization of the quiescent particle background. For each bin spectrum (see Figure 4) , the normalizations of the MOS and pn spectra were simultaneously increased and then decreased by 5%. The sky background was fixed to the model summarized in Table 2 , and the spectra were fitted again to obtain new best-fit ICM temperature and normalization, and X-ray column density. The minimum and maximum ICM parameters yielded by these fits are shown graphically in Figure 6 . For most bins, the temperature uncertainty introduced by a potential 5% error on the QPB normalization is smaller than the statistical error. Exceptions are the outer bins (bins 2, 33, 45, and 46), for which 5% changes in the instrumental background level resulted in possible temperature ranges significantly larger than 2σ.
In Figure 7 we show again the temperature map, including the uncertainties introduced by statistical and systematic errors. Bins with temperature ranges consistent, within 1σ, with the average temperature of 8.1 keV are all shown in orange. Bins 2, 5, and 41, which have temperatures markedly different from the average, are shown in purple, green, and dark red, respectively.
SHOCKS
To examine the surface brightness discontinuities identified in the unsharp-masked image, we extracted EPIC instrumental background-subtracted surface brightness profiles in the sectors shown in Figure 8 . The annuli in each sector were chosen to have a minimum signal-to-noise radio (SNR) of 10. The resulting profiles are shown in Figure 9 . Each profile was fitted with a broken power-law density model in a region around the putative shock front radius, plus a constant describing the sky background. The density models can be summarized as:
, for r r shock n1 = n0 r r shock α 1 , otherwise.
In the equations above, n is the electron number density, C is the shock compression, r is the distance from the centre of the sector, r shock is the shock radius, and α is the power-law index. Subscripts 1 and 2 stand for pre-shock and post-shock parameters, respectively. The emissivity, proportional to the density square, is integrated along the line-of-sight, assuming spherical symmetry, to calculate the surface brightness model. The sky background value was calculated from the region shown in Figure 4 , and kept fixed in the fit. Fitting was done using PROFFIT v1.1 3 (Eckert et al. 2011 ). The best-fit models are shown in Figure 9 .
As expected from the unsharp-masked image, we find surface brightness discontinuities in each of the two sectors. To the north, the assumed underlying density model indicates shock compression by a factor of 2.0 −0.086 , respectively. Spherical symmetry is one of the main assumptions behind our surface brightness models. However, it is a rather crude approximation, given the clearly disturbed cluster morphology. We can minimize the effects introduced by deviations from spherical symmetry by reducing the opening angle of each sector. Hence, we divided each of the sectors in Figure 8 into two, and searched for surface brightness Figure 8 . The purple lines show the instrumental background in the two sectors. Each bin has a SNR of at least 10. Bottom: Surface brightness profiles around the density discontinuities, with best-fit models. The models assume sphericity and an underlying density profile described by two power-laws with a jump at the shock front. The sky background value was fixed to 4.4 × 10 −4 counts s −1 arcmin −2 , the average background value calculated in the XMM-Newton region shown in Figure 4 . For the northern profile, black vertical lines (dotted) mark the inner and outer boundaries of the Toothbrush relic, and the green line (dot-dash) marks the outer boundary of the N-NW radio extension. For the southern profile, black vertical lines (dotted) mark the inner and outer boundaries of the small (∼ 200 kpc) SE relic, while the green line (dot-dash) marks the southern boundary of the radio halo. In both of the bottom plots, the best-fit shock radii are marked with red lines (dashed). The surface brightness jumps correspond to Mach numbers of 1.7 To the north, across the broadest part of the Toothbrush relic, a very weak density discontinuity is present at the outer boundary of the small N-NW radio extension. This discontinuity corresponds to a Mach number of 1.3±0.45, therefore consistent with 1. To the NW, the Mach number inferred from the best-fit density jump is higher, 1.9 +0.75 −0.42 , although the errors are also large. Both the N and NW fits were satisfactory, with χ 2 /d.o.f. = 42.9/35 and χ 2 /d.o.f. = 37.9/27, respectively.
To the south, we divided the larger sector in Figure 8 such that one profile crosses the SE relic, while one crosses the edge of the radio halo. The SE profile is excellently fitted by our model, with We further examined the detected surface brightness discontinuities by extracting spectra in regions tangential to the best-fit shock front radii. These regions are shown in Figure 13 . To the N-NW, the difference between the bestfit shock radii in the two sectors shown in Figure 8 is only 6.1 arcsec, essentially the spatial resolution limit of XMMNewton. In order to improve the SNR of the spectra extracted N-NW of the Toothbrush, we have selected two partial annuli that cover the full width of the N-NW sector in Figure 8 . The boundary between these partial annuli, i.e. the shock radius, is chosen to be the average of the bestfit radii for the narrower N and NW sectors, r shock,N = 5.0 arcmin. The pre-shock and post-shock spectra were fitted with the same model as the bin spectra, with the sky background parameters fixed to the best-fit values in Table 2 . The X-ray column density was fixed to 1.97 × 10 21 cm −2 , the average value of bins 3 (NH = 1.98 × 10 21 cm −2 ) and 14 (NH = 1.97 × 10 21 cm −2 ), which overlap with the selected post-shock and pre-shock regions. The best-fit postshock and pre-shock temperatures are 7.0 keV. We performed the same systematic error analysis as described in the previous section. The temperature ranges resulting from 1σ changes in the sky background and ±5% changes in the QPB are 6.6 − 7.8 and 6.5 − 7.5 keV, respectively, for the post-shock region, while for the pre-shock region they are 4.3 − 21.8 and 4.1 − 11.1 keV, respectively. The post-shock temperature is very well-constrained. Although the uncertainties on the pre-shock temperature are significantly larger, they allow us to set a lower limit of approxi- mately 4 keV. This implies a Mach number M 1.9, consistent with the value derived from the surface brightness jump.
As an exercise in caution, we ignored the shock front location determined above, and extracted an additional spectrum from a "pre-shock" region tangent to the outer edge of the broadest part of the Toothbrush (Figure 15 ), rather than to the N-NW radio extension; naively, the outer edge of the relic is the expected shock front location. However, the best-fit temperature in this region was similar to the actual pre-shock temperature, 5.3 +1.7 −1.1 keV. Even when possible systematic errors were taken into account, the temperature was still above 3 keV, ranging between 3.6 and 9.4 keV. Hence, the Mach number at the Toothbrush relic, inferred both from the surface brightness jump and from the temperatures on both sides of the shock front, is not larger than approximately 2.
To the S and SE, we extracted spectra from partial annuli of width ∼ 1.5 − 2 arcmin, tangential to the shock front positions shown in Figure 10 . The best-fit post-shock and pre-shock temperatures were 9.9 ± 0.92 and 8.1 +1.8 −1.3 keV to the SE. In the S regions, the poor count statistics do not allow us to detect a possible temperature discontinuity. In the SE regions, the temperature jump corresponds to a Mach number of 1.6 +0.44 −0.33 , consistent with the Mach number determined from the surface brightness jump. When systematic errors were taken into account for the two SE regions, the best-fit temperatures varied between 9.5 − 10.5 keV for the post-shock region, and 5.3 − 7.9 keV for the pre-shock region; therefore, the temperature jump is certain, and the Mach number measurement across the SE relic is a robust result.
Across the eastern relic, we searched for shock evidence by measuring the temperature in two partial annuli tangent to the outer edge of the relic. The temperature decreases from 8.7 −0.36 . Both the post-shock and pre-shock temperatures are well-constrained, even when systematic errors are taken into account; they range between 7.7 − 9.8 and 2.7 − 4.1 keV, respectively. However, as can be seen in Figure 14 , there is no surface brightness discontinuity anywhere near the relic. A β-model is an acceptable fit to the profile, with In summary: Surface brightness and temperature discontinuities indicate the presence of three, possibly four, shocks fronts in the ICM, towards N-NW, SE, and E (and perhaps towards S). The N-NW shock is about 1 arcmin ahead of the Toothbrush's outer edge, extends more than half a Mpc beyond the relic's W tip, and has a Mach number significantly below that predicted by the radio spectral index. At the eastern relic, we detect a temperature jump that corresponds to a Mach number of approximately 2.5, but there is no associated surface brightness discontinuity. The surface brightness jump could be masked by projection effects, as was also suggested for the shock front in Abell 665 (Markevitch & Vikhlinin 2001) . The integrated spectral index of the eastern relic is α = −1.0 ± 0.2 (van Weeren et al. 2012), inconsistent with the X-ray-derived Mach number if one assumes an injection spectral index αinj = α + 0.5, since the M(αinj) function diverges for αinj = −0.5. The SE relic has a radio-predicted Mach number of 4.6 ± 1.1, also significantly above the X-ray result.
THE TOOTHBRUSH PUZZLE
The results presented above pose several challenges to our understanding of radio relics:
• Not all relics are associated with surface brightness discontinuities.
• The shock front near the Toothbrush is spatially offset from the relic, both in distance and position angle from the cluster centre.
• The Mach number of the shock is significantly lower than the Mach number predicted by the injection spectral index.
Below we discuss each of these issues. the same putative shock front radius was used to separate the partial annuli used for measuring the temperature jump across the relic.
No surface brightness jump
Although most large-scale shocks are associated with surface brightness discontinuities, there are also exceptions. In Abell 665, Markevitch & Vikhlinin (2001) identified a shock front in the temperature distribution map, but no corresponding surface brightness discontinuity. At the Coma relic, Ogrean & Brüggen (2012) and Akamatsu et al. (2013) found a shock of Mach number 2 based on the temperature jump, but no clear surface brightness discontinuity is seen in the surface brightness profile (Ogrean & Brüggen 2012) . At the eastern relic in the Toothbrush cluster, the temperature jump across the relic's outer edge implies a Mach number of 2.4 +0.46 −0.36 . Using the Rankine-Hugoniot jump conditions, the Mach number corresponds to a density jump by a factor larger than 2. However, this jump is not reflected in the surface brightness profile; spherical symmetry implies a shock compression consistent with 1, with a possible kink in the underlying density profile. The assumption of spherical symmetry in such a disturbed system is clearly not valid. Therefore, the lack of a surface brightness jump is not equivalent to the lack of a density jump. Even if a density jump was present across the shock, it could potentially be masked by deviations from sphericity and substructure along the line of sight. Their effect on the temperature measurements would be less pronounced.
Relic-shock offset
As also mentioned in Section 1, radio relics have only been discovered in merging galaxy clusters, pointing to an association between the two. It is believed that shocks triggered during cluster mergers can accelerate electrons to relativistic energies, and these accelerated electrons gyrate around magnetic field lines, emitting synchrotron radiation at radio frequencies. The acceleration mechanism is believed to be diffusive shock acceleration. Assuming direct acceleration at the shock, the shock front location is expected to be at the outer edge of the relic. As shown in the previous section, this is not the case at the Toothbrush. The shock front position does not coincide with the outer edge of the Toothbrush, with a confidence of approximately 7σ. Even more puzzling, while the relic extends towards the NE, the shock front extends towards the SW, although the two appear to be roughly parallel. There are several possible explanations for the offset:
• projection effects;
• changes in magnetic field between the relic and the shock front;
• a pre-existing population of CR electrons;
• a non-detected density discontinuity at the outer edge of the Toothbrush.
Projection effects are unlikely though to explain the 1-arcmin offset between the shock and the relic. If relics are created by direct acceleration at the shock, the shock is cospatial with the outer edge of the relic. Assuming the shock and the relic are spherical caps, it would be possible to detect the shock front on the projected surface of a broad relic. However, it would be impossible to project the detected shock front ahead of the relic.
From equipartition arguments, the magnetic field at the Toothbrush relic is 7 − 9 µG . If the magnetic field strength dropped between the observed locations of the shock front and the Toothbrush, then synchrotron emission might not be observable in that region, creating an offset between the shock and the relic. However, magnetic fields are compressed at the shock (and possibly also amplified by downstream turbulence, as seen at higher Mach number shocks; e.g., Inoue et al. 2009 ), so it is unclear how the magnetic field could drop suddenly in front of the Toothbrush.
Another possibility is that the relic is the result of reacceleration of a pre-existing CR electron population. One problem with the simplest DSA model is that the particle acceleration efficiency is too low to explain the radio brightness of relics (e.g., Kang et al. 2007 Kang et al. , 2012 . Consequently, the model has been challenged by numerical simulations showing that a pre-existing population of CR electrons makes it easier to naturally explain the observed radio properties (e.g., Kang et al. 2012; Pinzke et al. 2013 ). CRs are expected to be formed by, e.g., large scale structure formation shocks (e.g., Ryu et al. 2003) , turbulence (e.g., Brunetti et al. 2001) , hadronic collisions of CR protons with thermal protons in the ICM (e.g., Dolag & Enßlin 2000) , active galactic nuclei (e.g., George et al. 2008) , and supernovae (e.g., Blasi 2011), and they will remain trapped in the cluster's potential well. If a pre-existing CR population was present only at the location where the relic is seen, then as the shock observed to the N-NW crossed this region, it would have re-accelerated the CRs to energies where they become visible in the radio. On the other hand, beyond the location of the CR population, the efficiency of particle acceleration from the thermal pool into the non-thermal CR population would be low, so no radio emission would be detected.
An unusual situation would be the presence of a density edge at the relic, in addition to the shock detected further out from the cluster centre. This edge could either be a separate shock, or we could be looking at a complex shock surface for which a surface brightness discontinuity is seen only offset from the relic's outer edge. Figures 9 and 11 do not show a surface brightness discontinuity at the relic's outer edge. Yet, as we discuss in Section 6.1, multiple effects and assumptions can mask a potential density discontinuity.
Mach number discrepancy
In the linear test-particle regime, DSA predicts that the injection spectral index at the shock front, α (F ∝ ν α ), is related to the shock Mach number, M, via
for plane-parallel shocks. If particles are accelerated directly from the thermal pool and the assumptions of the testparticle regime hold, then the radio-derived Mach number should be consistent with the Mach number derived from X-ray data using the Rankine-Hugoniot jump conditions. Indeed, this is the case for all the other merger shocks confirmed at radio relics. In Abell 3667, the spectral index near the outer edge of the radio relic is approximately −0.7 (Röttgering et al. 1997) , corresponding to a Mach number of approximately 3.3; the X-ray-derived Mach number at the relic was found to be 2.4 ± 0.77 (Finoguenov et al. 2010 ) from the temperature jump across the shock front (we cite the Mach number indicated by the temperature jump, as temperature is less affected by projection effects than density). In Abell 754, the integrated radio spectral index is between −2.0 (for the frequency range 0.3 − 1.4 GHz) and −1.8 (for the frequency range 0.3−0.7 GHz); if the injection spectral index is αinj = α+0.5 (Miniati 2002) , the spectral indices at these frequencies correspond to a Mach number of 1.7 − 1.9, consistent with the Mach number of 2.1 +0.7 −0.6 determined from the temperature jump (Macario et al. 2011) . In CIZA J2242.8+5301, the socalled "Sausage" relic has a radio-predicted Mach number of 4.6 ± 1.1 (van Weeren et al. 2010) , consistent with the Mach number of 3.2 ± 0.52 determined from Suzaku observations near the relic (Akamatsu & Kawahara 2011) . The western relic in Abell 3376 has a spectral index that corresponds to a Mach number of 2.2 ± 0.4 (Kale et al. 2012) , which is consistent with the X-ray-derived Mach number of 2.9±0.6 (Akamatsu & Kawahara 2011). In Abell 521, the radio spectral index predicts a Mach number of approximately 2.3 (Giacintucci et al. 2008) , consistent with the Mach number of 3.4 +3.7 −1.9 determined from X-ray (Bourdin et al. 2013 ).
The injection spectral index at the Toothbrush relic is between −0.7 and −0.6, corresponding to M = 3.3−4.6. The Mach number derived both from the density and the temperature discontinuities across the shock front is no larger than 2, significantly lower than the simplest DSA predictions. A possible explanation is that any shock front is comprised of a distribution of Mach numbers (e.g., Skillman et al. 2013 ). Synchrotron emission is more sensitive to high Mach numbers (Hoeft & Brüggen 2007) , so shock regions of high Mach number can introduce an upward bias in the overall Mach number derived from radio observations. Moreover, Kang et al. (2012) have shown that the Sausage relic, which has a radio-predicted Mach number of 4.6 ± 1.1 (van Weeren et al. 2010) , can be also explained by a shock front with Mach number of about 2, if a population of pre-existing CR electrons is introduced in the model. While such a low Mach number at the Sausage relic has been shown not to be consistent with observations (Akamatsu & Kawahara 2011) , the conclusions of Kang et al. (2012) suggest that one possible explanation for the Mach number discrepancy at the Toothbrush relic is that the shock re-accelerated a pre-existing population of CR electrons.
Alternative explanations also exist. Projection effects, for example, could smooth out both the density and the temperature discontinuities. Furthermore, the Mach number range of 3.3 − 4.6 was derived from the radio spectral index assuming a plane-parallel shock. For oblique shocks, the simple equation relating the Mach number and the spectral index (Eq. 1) over-predicts the strength of the shock (e.g., Kirk & Heavens 1989) .
The shock front detected at the Toothbrush relic challenges our current understanding of radio relics. It is spatially offset from the radio relic, and its Mach number is significantly below that predicted from the spectral index at the front of the relic assuming DSA in the test particle regime. It appears challenging to explain the observed shock characteristics using the simplest DSA model, in which CR electrons at the relic are accelerated directly from the thermal pool. However, the observations alone cannot exclude alternative explanations such as projection effects or complex magnetic fields, and numerical simulations would be required to test the different hypothesis.
SUMMARY
The Toothbrush cluster (z = 0.225) hosts three radio relics and a faint radio halo. The northern relic, the Toothbrush, is the most spectacular of the three relics due to its unusual linear shape, which might have been caused by a triple merger event. The spectral index at the front of the relic suggests a Mach number between 3.3 and 4.6. Here, we analyzed a deep XMM-Newton observation of the cluster, identified the shock fronts present in the ICM, and compared their properties with those predicted by radio observations. Below is a summary of our main results:
• We find clear evidence both from imaging and spectral results that the Toothbrush cluster is a merging system. The cores of the merging clusters survived the merger, and are now observed at a separation of 650 kpc, connected by a bridge of dense plasma.
• The temperature decreases from W to E along the Toothbrush.
• Surface brightness discontinuities are present N-NW of the subcluster's core, and S-SE of the more massive core.
• We find evidence for three, possibly four, weak shock fronts. They are found towards N, E, and SE (and possibly S), near the positions of previously discovered radio relics, and have Mach numbers lower than about 2.5. All three Mach numbers are smaller than the Mach numbers predicted from the radio spectral indices under the assumptions of direct CR injection and DSA in the linear test particle regime. The shocks in the Toothbrush cluster are the only ones with such clear differences between the radio-predicted and Xray-derived Mach numbers, and a larger relic sample with very high quality radio and X-ray data would be required for a statistical analysis of such occurences. With the advent of new radio arrays such as LOFAR and SKA, more relics with very high Mach numbers predicted by their spectral indices could prove instead to be associated with much weaker shocks.
• The N-NW shock, which was expected to trace the outer edge of the Toothbrush relic, is unlike any of the other shocks discovered so far at radio relics. It is offset by about 1 arcmin NW from the edge of the Toothbrush, and extends by about 700 kpc towards SW, beyond the W tip of the relic. Numerical simulations will be required to explain the shock's unusual properties in relation to the relic.
